Background-Primary percutaneous coronary angioplasty is an effective and widely adopted treatment for acute myocardial infarction. A simple method of determining prognosis after primary percutaneous coronary intervention (PCI) would facilitate appropriate care and expedite hospital discharge. Thus, we determined the prognostic importance of various measures of ST-segment-elevation recovery after primary PCI in a large, contemporary cohort of patients with ST-elevation myocardial infarction. Methods and Results-We analyzed ECG data describing the magnitude and extent of ST-segment elevation and deviation before and early after (ie, 30 minutes) primary PCI in the study cohort of 4866 subjects with electrocardiographically high-risk ST-elevation myocardial infarction enrolled in the Assessment of PEXelizumab in Acute Myocardial Infarction (APEX-AMI) trial. Associations among 6 methods for calculating ST-segment recovery, biomarker estimates of infarct size (ie, peak creatine kinase, creatine kinase-MB, and troponin I and T), and prespecified clinical outcomes (ie, rates of 90-day death and 90-day death, heart failure, or shock) were examined. All ST-segment-recovery methods provided strong prognostic information regarding clinical outcomes. A simple ST-segment-recovery method of residual ST-segment elevation measurement in the most affected lead on the post-PCI ECG performed as well as complex methods that required comparison of pre-and post-PCI ECGs or calculation of summed ST-segment deviation in multiple leads (ie, worst-lead residual ST elevation: adjusted hazard ratio for 90-day death rate [reference Ͻ1 
B
edside interpretation of ECG ST-segment abnormalities plays a fundamental role in assessment and decision making for patients with acute myocardial infarction (MI). Beyond determining infarct location and candidacy for acute reperfusion therapy, the extent of ST-segment elevation or deviation (sum of elevation and depression) provides important prognostic information. 1 Early recovery of ST-segment deviation, in particular, has been shown to portend lower short-and long-term risk of death, recurrent ischemia, reinfarction, and congestive heart failure (CHF). 2 This relationship is known to be robust and constitutes the basis for guideline recommendations promoting reassessment of ST segments 90 minutes after initiation of therapy and the possible need for rescue percutaneous coronary intervention (PCI). 3, 4 
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A similar relationship between ST-segment recovery and prognosis after primary PCI has been described [5] [6] [7] [8] ; however, these reports are retrospective, are lacking in standardized timing of post-PCI ECGs, and examine modest-sized cohorts that preceded routine use of stents, glycoprotein inhibitors, or thienopyridines. Furthermore, published reports have used differing methods for quantifying and categorizing STsegment recovery. 9 The resulting uncertainty regarding the magnitude and nature of the relationship between early ST-recovery and outcome after primary PCI likely accounts, at least in part, for the lack of routine or guidelinerecommended evaluation of ST-segment recovery after primary PCI.
In a prespecified ECG study, using core laboratory analysis of protocol-specified postprocedural ECGs, we evaluated the relationship between early ST-segment recovery, enzymatic estimates of infarct size, and clinical outcomes in a large cohort of patients with ST-elevation MI (STEMI) undergoing primary PCI within the Assessment of PEXelizumab in Acute Myocardial Infarction (APEX-AMI) trial. We also compared the performance of prior methods describing ST recovery overall and in subsets with inferior versus anterior MI, to guide the practical application of the present analysis.
Methods
The APEX-AMI trial was a randomized, double-blind, placebocontrolled trial of intravenous pexelizumab administered immediately before primary PCI for electrocardiographically high-risk STEMI patients. Specific entry criteria for the APEX-AMI trial have been described previously. 10 Briefly, patients were Ն18 years old, with symptom onset Ͻ6 hours, and they had qualifying ECGs that fulfilled any of the following 3 criteria: (1) Ն2 mm of ST-segment elevation (ST-E) in 2 anterior or lateral leads; (2) Ն2 mm of ST-E in 2 inferior leads coupled with ST depression in 2 contiguous anterior leads for a total ST-segment deviation Ն8 mm; or (3) new left bundle-branch block with at least 1 mm of concordant ST-E. Prospectively identified end points included 90-day mortality and the composite of death, CHF, or cardiogenic shock at 90 days. Enrollment began on July 13, 2004 , and ended on May 11, 2006 , which resulted in a final population of 5745 patients from 296 participating hospitals in 17 countries. No treatment difference attributable to pexelizumab was observed. 11 The main protocol specified that a standard 12-lead ECG be recorded at baseline and Ϸ30 minutes after PCI. For the present study, only subjects (nϭ4866) undergoing primary PCI who had evaluable ST segments recorded on a 12-lead ECG at both time points were included. We used core laboratory ST-segment measurements exclusively (baseline and 30 minutes after PCI) and included patients regardless of whether core analysis confirmed ECG trial eligibility. 12 PCI success was defined as final TIMI (Thrombolysis In Myocardial Infarction) flow grade 2 or 3 (site-reported) in the infarct-related artery, but PCI success was not required for inclusion in the present analysis.
ECG Analysis
ECGs were evaluated centrally at the ECG core laboratories (Canadian VIGOUR Centre, Edmonton, Canada; Duke Clinical Research Institute, Durham, NC) without knowledge of treatment assignment, procedural results, or clinical outcomes. ST-E was measured at the J point with magnified calipers to the nearest 0.05 mV. ST-E sums (⌺ST-E) were calculated as follows: for anterior infarction, the sum of ST-E in V 1 to V 6 , I, and aVL; for inferior infarction, the sum of ST-E in leads II, III, aVF, V 5 , and V 6 . ST-segment depression was also measured at the J point by similar methods. ST-segment deviation sums (⌺ST-D) were calculated by adding the sum of ST-segment depression measured in reciprocal leads to ⌺ST-E. Leads II, III, and aVF were considered potential reciprocal leads for anterior infarctions, and leads V 1 through V 4 were considered potential reciprocal leads for inferior infarctions.
Six methods for calculating and categorizing ST-segment recovery, each mirroring a method used in prior literature, were prespecified and applied to raw ECG ST-segment data. These methods were as follows: (1) Single-lead ST elevation (ST-E) recovery (percent reduction in ST-E from baseline to post-PCI ECG in the lead with maximum baseline ST-E) analyzed in 2 categories (Ն50%, Ͻ50%) 9 ; (2) single-lead ST-E recovery, as above, but in 3 categories (Ն70%, 30% to Ͻ70%, Ͻ30%) 9 ; (3) ⌺ST-E recovery (percent reduction in ⌺ST-E from baseline to post-PCI ECG) analyzed in 2 categories (Ն50%, Ͻ50%) 1 ; (4) ⌺ST-E recovery, as above, but in 3 categories (Ն70%, 30% to Ͻ70%, Ͻ30%) 1 ; (5) ⌺ST-D recovery (percent reduction in ⌺ST-D from baseline to post-PCI ECG) analyzed in 3 categories (Ն70%, 30% to Ͻ70%, Ͻ30%) 2 ; and (6) worst-lead residual ST-E (the absolute magnitude of residual ST-E in the most affected lead on the post-PCI ECG, without reference to the baseline ECG) analyzed in 3 categories (Ͻ1 mm, 1 to Ͻ2 mm, and Ն2 mm). 9 
End Points
The primary end points of the present study were 90-day rates of death and the composite of death, centrally adjudicated cardiogenic shock, or CHF. 10 Briefly, cardiogenic shock was defined as hypotension (Ͻ90 mm Hg systolic blood pressure) that lasted for at least 1 hour, was not responsive to fluid resuscitation and/or heart rate correction, was believed to be secondary to cardiac dysfunction, and was associated with hypoperfusion. CHF included new or worsening CHF that began or persisted Ͼ24 hours after randomization or rehospitalization for CHF. 11 As secondary end points, associations between biomarkers of myocardial necrosis (ie, peak samples of creatine
) and the above-mentioned 6 categories of ST-segment recovery were examined. Peak samples of these biomarkers were collected and processed according to local protocols. Samples for at least 1 biomarker were available for 95.1% (nϭ4626) of the study population (missing data: peak CK, nϭ1090; CK-MB, nϭ2917; troponin I, nϭ2242; and troponin T, nϭ3597). In the analysis of nonfatal end points (ie, CHF or cardiogenic shock and their composite with death), patients were excluded if a nonfatal end point occurred before the post-PCI ECG in a landmark analysis. 13 Kaplan-Meier survival estimates were used to compare time to the first occurrence of the composite of death, CHF, or shock between the groups at 90 days, and pairwise differences were tested via the log-rank test. The adjusted associations between ST-segment recovery measures and 90-day clinical outcomes were examined by development of Cox proportional hazards regression models. These models considered characteristics at randomization (ie, demographics, medical history, blood pressure, heart rate, Killip class, and ECG) and others accrued through post-PCI assessment (ie, complications, angiographic and 30-minute post-PCI ECGs) as covariates. 14 Each ST-recovery measure was tested separately within the model. Adjusted hazard ratios and corresponding 95% CIs are presented for the 6 measures of ST-segment recovery; full results of the models are presented in the Appendix in the Data Supplement.
Statistical Analysis
For each 90-day end point, the model likelihood ratio 2 statistic (LR 2 ) was calculated for each adjusted model of ST-recovery measure. Among the 6 models, increased strength or fit of the model would be associated with a lower LR 2 statistic. The amount of prognostic information contributed by the ST-recovery measure was assessed by the adequacy index, which compares the predictive ability of a factor relative to that in the entire set of predictors (ie, AϭLR F /LR, where F is the factor of interest and A is the adequacy index); the higher the adequacy index, the more prognostic information can be attributed to that factor. 15 The adequacy of the other 5 ST-recovery measures was compared against the current clinical standard, ⌺ST-E resolution (50% cut point). Finally, the discriminatory power for each model was calculated and corrected for overoptimism. 16 The associations between the 6 measures of ST-segment recovery and peak biomarkers were analyzed descriptively. All hypotheses were determined a priori, and as such, no adjustments were made for multiple comparisons (ie, all tests were 2-sided, with a 5% level of significance).
The authors had full access to the data and take full responsibility for its integrity. All authors have read and agreed to the manuscript as written.
Results
Of 5745 patients enrolled in APEX-AMI, 4866 (84.7%) underwent primary PCI and had paired baseline and early post-PCI ECGs suitable for ST-segment analysis; these patients constitute the study cohort. Reasons for exclusion included missing baseline (nϭ12) or post-PCI (nϭ116) ECG, noninterpretable ST segments (ie, left bundle-branch block, ventricular pacing or rhythm) on baseline (nϭ146) or post-PCI (nϭ216) ECG, failure to meet conventional guidelinebased ST-segment MI entry criteria (nϭ108), and no primary PCI performed (nϭ281). Table 1 provides key baseline characteristics and patient outcomes for the overall trial, the study cohort, and those excluded. Irrespective of cohort and as previously reported, 11 there was a high usage of evidencebased therapy, which included glycoprotein IIb/IIIa inhibitors and stents. Excluded subjects were older, less frequently current smokers, less likely to be in Killip class I on admission, and more likely to be female and to have a prior cardiac history, impaired renal function, and anterior MI location. Rates of 90-day death and the composite of death/ CHF/shock were also higher in excluded patients than in those included in the present study.
Protocol-specified post-PCI ECGs were performed a median (25th, 75th percentile) of 32 minutes (23 and 52 minutes) after PCI completion and 4.5 hours (3.6 and 5.8 hours) after symptom onset. In this population, epicardial flow in the infarct-related coronary artery after PCI was TIMI flow grade 3 in 4445 (91.3%), grade 2 in 298 (6.1%), grade 1 in 33 (0.7%), and grade 0 in 59 (1.2%), which resulted in a PCI success rate of 4743 (97.4%). Overall, median (25th, 75th percentile) ⌺ST-E, ⌺ST-D, and worst-lead residual ST-E on post-PCI ECGs were 3.0 (1.5, 6.0), 4.0 (1.5, 7.0) and 1.0 (0.5, 2.0), respectively.
All 6 methods for calculating and categorizing ST-segment recovery were strongly associated with 90-day composite outcome and with each of its components (Table 2) . Limiting this analysis to those with successful PCI defined as TIMI flow grade 2/3 (Table 3) or as TIMI flow grade 3 (data not shown) did not appreciably weaken these relationships. In all cases and for all specified outcomes, measures that used 3 categories of ST-segment recovery (ie, Ն70%, 30% to Ͻ70%, and Ͻ30% or Ͻ1 mm, 1 to Ͻ2 mm, and Ն2 mm) identified a continuum of risk that included both lower-and higher-risk subgroups than defined by the corresponding 2-category measures (ie, Ն50% and Ͻ50%). Notably, singlelead methods performed at least as well as methods based on summation of ST-segment elevation or deviation from multiple leads, and single-lead ST-E recovery identified the highest-risk subgroup overall (90-day death rate 8.0%). Moreover, the worst-lead residual ST-E method produced a wide spectrum of risk separation that identified the lowestrisk subgroup overall (90-day death rate 1.7%) and demonstrated a Ͼ3-fold higher mortality rate in its high-risk subgroup (6.2%); this was also the largest high-risk subgroup of any of the methods.
After multivariable adjustment, ST-segment recovery remained predictive of both the 90-day death rate ( Figure 1A ) and the composite of death/CHF/shock ( Figure 1B ), regardless of which of the 6 measures were used. The model-fit statistics were all statistically significant for the 90-day outcomes across the 6 measures of ST-segment recovery. The ability of the models to separate subjects' outcomes, ie, discriminatory power or predictive accuracy, was excellent among the models (c-index Ͼ0.83 for mortality and Ͼ0.79 for the composite), with a minimal range in values among the 6 ST-recovery measures. The amount of prognostic information (ie, adequacy index) individually contributed by the 5 ST-recovery measures relative to ⌺ST-E resolution (50% cut point), the current clinical standard, was also comparable (Table 4) . Kaplan-Meier curves for 2 of the measures (single-lead ST-E recovery [ Figure 2 ] and worst-lead residual ST-E [ Figure 3 ]) according to infarct location are presented here. In general, the 3-category method based on percent recovery (from baseline) performed less well with respect to identifying low-risk anterior MI subgroups ( Figure 2B ; Ն70% versus 30% to 70%: adjusted hazard ratio 0.68, 95% CI 0.41 to 1.31). However, the lower-risk anterior MI subgroups still carried a Ͼ8% event rate for 90-day death, CHF, or shock. Worst-lead residual ST-E performed substantially better by identifying a low-risk anterior MI subgroup with a 90-day composite event rate of just 3.8% ( Figure 3B ; Ͻ1 versus 1 to Ͻ2 mm: adjusted hazard ratio 0.52, 95% CI 0.31 to 0.90). Conversely, worst-lead residual ST-E demonstrated poorer risk distinction for subjects with inferior MI who had Ͻ1 mm versus those with 1 to Ͻ2 mm of residual ST-E ( Figure 3C ; Ͻ1 versus 1 to Ͻ2 mm: adjusted hazard ratio 0.92, 95% CI 0.52 to 1.62), although both of these subgroups had low absolute risk.
In Table 5 , the peak measures of cardiac markers according to the 6 different ST-segment recovery measures are shown.
In every instance, there was a significant inverse relationship between the degree of ST-segment recovery and the magnitude of biomarker elevation. Notably, however, the most striking gradient was observed in patients who were categorized by the worst-lead residual ST-E measure.
Discussion
The present data from the largest prospectively evaluated trial of primary PCI demonstrate the power of the 12-lead ECG performed early after primary PCI for predicting death, heart failure, or shock up to 90 days after STEMI. This finding was largely independent of the method used to calculate STsegment recovery, existed for each of the component end points, and remained strong even when the analysis was limited to those with angiographically successful PCI. Most patients undergoing primary PCI have angiographically successful procedures and on average enjoy a favorable prognosis. 11, 17 These overall results notwithstanding, there remain high-risk subsets of patients within such cohorts. The present data indicate that identification of patients at continued high risk despite angiographically successful PCI is possible very early after primary PCI, before other metrics such as peak biomarker values or ejection fraction may be available. Given the simplicity and low cost of ECGs, the data provide a compelling argument for the inclusion of early ST-segment recovery as a routine early metric in patients undergoing primary PCI. 
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Other groups have previously reported an association between ST-segment recovery and mortality after primary PCI. van't Hof and colleagues 5 reported an adjusted relative risk of 6.4 (95% CI 2.7 to 15.3) for cardiovascular death at 3.1Ϯ1.9 years in 60 patients with Ͻ30% ST-segment recovery versus 204 patients with complete recovery. Claeys et al 7 found persistent ST-E (⌺ST Ն50% of baseline) to be associated with a 3.4-fold relative risk of major adverse cardiovascular events at 1 year in an analysis of 91 patients.
Matetzky et al 6 also reported a trend toward excess mortality and heart failure in 28 of 117 patients with successful primary PTCA who demonstrated persistent ST-E (⌺ST Ն50% of baseline). These exploratory studies share important limitations, including a retrospective single-center design, nonsystematic ECG collection, absence of core laboratory ECG analysis, and limited statistical power (few fatal events). Moreover, they studied patients from an era that preceded the routine use of glycoprotein IIb/IIIa inhibitors or stents, therapies known to improve indices of myocardial perfusion and to reduce epicardial reocclusion after primary PCI. 18, 19 In contrast, Ϸ72% of the present cohort received glycoprotein IIb/IIIa inhibitors, and 96% received stents. Frequent use of these therapies suggests subjects in the present study were at lower risk of early coronary reocclusion than those in prior studies.
More recently, Prasad et al 8 examined the relationship of ⌺ST-segment recovery and outcome in 695 STEMI patients with paired preprocedure and postprocedure ECGs undergoing primary PCI within 12 hours of symptom onset in the Controlled Abciximab and Device Investigation to Lower Late Angioplasty Complications (CADILLAC) trial. Approximately half of the patients studied were treated with stents and abciximab by random assignment. Failure of ST-segment recovery was associated with increased major adverse cardiovascular events but not death. Although this analysis was the first to use an independent ECG core laboratory, the timing of ECGs was not standardized, and tracings performed up to 4 hours after the procedure were permitted.
Although the relationship between ST-segment recovery and outcome in the present study was statistically robust for all methods tested, important distinctions between methods are evident. Current STEMI guidelines emphasize the use of a binary cut point (Ͻ50% versus Ն50%) for categorizing recovery of the ST segment after fibrinolytic therapy. This approach is promoted both for assessing prognosis and for determining eligibility for rescue PCI. 3 Similar methods were used in studies of primary PCI cohorts by Claeys et al and Matetzky et al as noted above. 6, 7 Both 2-category methods tested in the present data set (single-lead ST-E recovery and ⌺ST-E recovery) performed well; however, we found the corresponding 3-category methods, including that originally described by Schroder et al, 1 partitioned a gradient of risk that cannot be described by 2 categories alone.
Although each of the four 3-category methods we tested defined subgroups that spanned a wide spectrum of risk, inherent differences exist in the ease of their bedside application. Given its ease of calculation, the worst-lead residual ST-E may be best suited for risk stratification in the clinical setting. Features that add complexity for clinicians include requirements to sum multiple leads, assess and sum STsegment depression, and compare preprocedure and postprocedure tracings to calculate percent ST-segment recovery. In agreement with others, we found that evaluation of STsegment resolution from a single lead with maximal ST-E (single-lead ST-E recovery) provided comparable prognostic stratification to that achieved with complex methods, including summed ST-E or summed ST-segment deviation methods. 9 We tested 2 methods that use interpretation of just a single ECG lead (single-lead ST-E recovery and worst-lead residual ST-E). Consistent with McLaughlin et al, 9 we found that both provided excellent overall separation into 3 prognostic categories. The present study design allowed us to extend their observations to include resolution of the independent risk of death, as well as shock and heart failure end points. Compared with single-lead ST-E recovery, worst-lead residual ST-E is more easily applied at the bedside, because it requires no baseline ECG for comparison, and it would appear, therefore, to be the method of choice.
Differential apportioning of risk in anterior versus inferior infarctions was an unexpected finding that potentially complicates the adoption of a single method by clinicians. Assessment of prognosis for anterior infarctions was better served by worst-lead residual ST-E, because single-lead ST-E recovery failed to resolve low-versus intermediate-risk subgroups ( Figures 2B and 3B ). The converse was true for inferior infarctions, but the consequences of poor resolution between low versus intermediate risk in the setting of inferior infarction are likely to be mitigated by the low absolute risk of both subgroups.
Categorization of ST-segment recovery generated survival curves with remarkably early separation, which implies important differences in event rates in the days immediately after primary PCI (Figures 2 and 3 ; overall 7-day death rate 1.4%, 7-day death/CHF/shock rate 4.0%). The ability to accurately predict short-term risk in the immediate postreper- Figure 2 . Kaplan-Meier unadjusted survival curves for 90-day death/CHF/shock with the single-lead ST-E recovery method (A) in all subjects (nϭ4769; 7-day death/CHF/shock rates: Ͻ30%: 9.4%; 30% to Ͻ70%: 4.3%; Ն70%: 3.0%), (B) in subjects with anterior MI (nϭ2749; 7-day death/CHF/shock rates: Ͻ30%: 9.3%; 30% to Ͻ70%: 4.9%; Ն70%: 4.7%), and (C) in subjects with inferior MI (nϭ2020; 7-day death/CHF/shock rates: Ͻ30%: 9.8%; 30% to Ͻ70%: 3.2%; Ն70%: 1.3%). Kaplan-Meier unadjusted survival curves for 90-day death/CHF/shock in all patients with the worst-lead residual ST-E method (A) in all subjects (nϭ4769; 7-day death/CHF/shock rates: Ն2 mm: 7.6%; 1 to Ͻ2 mm: 3.2%; Ͻ1 mm: 1.4%), (B) in subjects with anterior MI (nϭ2749; 7-day death/CHF/shock rates: Ն2 mm: 8.0%; 1 to Ͻ2 mm: 4.1%; Ͻ1 mm: 1.9%), and (C) in subjects with inferior MI (nϭ2020; 7-day death/CHF/shock rates: Ն2 mm: 6.2%; 1 to Ͻ2 mm: 2.0%; Ͻ1 mm: 1.2%).
fusion period speaks to the potential for early post-PCI ECGs to tailor the length of initial hospitalization according to patient risk. Moreover, accurate and early identification of high-risk patients helps define a target population for novel therapeutic interventions that are potentially applicable before other conventional objective risk markers are known.
Here, methods based on the percent of ST-segment recovery performed especially well. The 90-day rates for the composite end point and for death in the high-risk anterior subgroup were 15.3% and 7.3%, respectively. Previous studies have observed a correlation between persistent ST-E, abnormal myocardial blush grade, the degree of elevation of myocardial biomarkers, and the degree of impairment of left ventricular ejection fraction. 20, 21 Despite limitations of our methods for standardized collection of myocardial biomarkers, we found an inverse relationship between the extent of biomarker elevation with the category of ST-segment recovery, regardless of the biomarker or ST method used. These data are consistent with the hypothesis that ST recovery, like myocardial blush, implies effective microvascular and tissue reperfusion, with salvage of viable myocardium. Our unique observations regarding impaired ST recovery and the risk of clinically evident left ventricular dysfunction (shock and heart failure) further support this construct.
Study Limitations
Patients with baseline or acquired conduction abnormalities or arrhythmias may not have ST segments on ECG suitable for evaluation. Prognostication by post-PCI ECG would not be possible in such cases. Similarly, our method cannot identify the highest-risk patients who deteriorate or die precipitously such that an early post-PCI ECG cannot be obtained. The enrollment criteria of APEX-AMI required high-risk ECG criteria and excluded patients who presented beyond 6 hours or who had isolated low-risk inferior infarction. The present results may not be applicable to other patients with STEMI without these characteristics.
Conclusions
ST-segment analysis performed early after primary PCI for acute MI is a widely available, inexpensive, and powerful prognostic tool irrespective of PCI procedural outcome and final TIMI flow grade in the infarct-related coronary artery. Measurement of residual absolute ST-E from a single (worst) lead categorized into 3 groups (Ͻ1 mm, 1 to 2 mm, and Ն2 mm) is at least comparable to more complex ECG-based methods and provides a simple metric easily incorporated into contemporary guidelines and routine practice.
